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Introduction
Myelodysplastic syndromes (MDS) are acquired myeloid clonal disorders of the hematopoietic precursors. Although MDS represents a heterogeneous group of diseases, early in their course they share manifestations of ineffective hematopoiesis and, if left untreated, most patients ultimately die of complications of their cytopenias or from progression to acute myelogenous leukemia (AML). 1, 2 The prognosis of patients with MDS, as determined by the international prognostic scoring system (IPSS) 2 and the more recently reported IPSS-R, 3 can guide clinicians and patients in determining the optimal risk-adapted treatment strategy. Cutler et al 4 performed a Markov model decision analysis to determine the optimal timing of myeloablative allogeneic hematopoietic cell transplantation (HCT) from human leukocyte antigen (HLA)-matched related donors (MRD) in patients who were ,60 years of age. This analysis, which predated the widespread use of hypomethylating agents, demonstrated that proceeding immediately to HCT was preferred for patients with intermediate-2/high-risk IPSS score, whereas a delayed HCT strategy in those with low-risk/intermediate-1 IPSS until the patient's disease progressed, produced the longest quality adjusted life expectancy. In a recent analysis, the results were extended to patients aged 60 to 70 years with de novo MDS undergoing T-cell replete reduced intensity conditioning allogeneic HCT. Sixty five percent were recipients of unrelated donor grafts. Outcomes of transplantation were compared with the outcomes of patients that received either the best supportive care, growth factors, or hypomethylating agents. The Markov model-based analysis demonstrated that for intermediate-2/high-risk patients, an early HCT strategy is preferred, whereas delayed HCT is preferred for those with low-risk/intermediate-1 disease. 5 The decision to recommend HCT is a complex one and requires proper understanding of the disease, the expected outcome with available treatment options, and the impact of different donor sources on post-HCT outcomes that will help to provide an informed decision. For AML, a prior analysis of HCT outcomes in 2223 adult patients demonstrated similar survival after a MRD vs 8 of 8 HLA-A, -B, -C, -DRB1 allele matched unrelated donors (MUD) vs 7 of 8 HLA MUD HCT. 6 MDS patients differ in many ways from patients with de novo AML. Given the inherent differences in the disease biology of AML and MDS, it is imperative to define the features associated with outcome after HCT for MDS patients. With this aim, we conducted a disease-specific analysis using data reported to the Center for International Blood & Marrow Transplant Research (CIBMTR) for patients with MDS.
Patients and methods

Data source
The CIBMTR is a combined research program of the Medical College of Wisconsin and the National Marrow Donor Program. The CIBMTR comprises a voluntary network of more than 450 transplantation centers worldwide that contribute detailed data on consecutive allogeneic and autologous HCT to a centralized statistical center. Observational studies conducted by the CIBMTR are performed in compliance with all applicable federal regulations pertaining to the protection of human research participants. Protected health information used in the performance of such research is collected and maintained in the CIBMTR capacity as a public health authority under the Health Insurance Portability and Accountability Act Privacy Rule. Additional details regarding the data source are described elsewhere. 7 
Patient selection
The patient population consisted of adult patients (>21 years) with MDS undergoing allogeneic HCT in the United States between 2002 and 2006, who had comprehensive data reported to the CIBMTR. A total of 701 cases fulfilling the inclusion criteria were identified. Of these, 176 received MRD transplants, 413 received 8 of 8 HLA-matched MUD transplants, and 112 received 7 of 8 HLA-matched MUD transplants. Patients whose grafts were depleted of T cells ex vivo were excluded. Patients undergoing umbilical cord blood transplantation and patients receiving stem cells from identical twins or HLA-mismatched or nonsibling-related donors were also excluded.
Due to missing data on IPSS components at HCT, we were unable to use IPSS to risk stratify patients at HCT. Therefore, to be able to define those with advanced disease status at HCT, we used bone marrow blasts percent (.5%) and a French American British [FAB 8 ] class of refractory anemia with excess blasts, or refractory anemia with excess blasts in transformation, or chronic myelomonocytic leukemia at any time between diagnosis and HCT.
Study end points and definitions
The primary outcome studied was survival. Patients were considered to have an event at time of death from any cause; survivors were censored at last contact. Relapse was defined as disease recurrence as reported by the centers to the CIBMTR, and transplantation-related mortality (TRM) was considered a competing event. TRM was defined as death from any cause in the first 28 days post-HCT or death without evidence of disease recurrence beyond day 28. Disease-free survival (DFS) was defined as time to treatment failure (death or relapse). Time to engraftment was calculated as the time from transplantation to achieving the first of 3 consecutive days with an absolute neutrophil count .500/mm 3 . Acute graft-vs-host disease (GVHD) was graded using the International Blood & Marrow Transplant Research Severity Index. 9 Chronic GVHD was diagnosed by standard criteria. 10 For cumulative incidence of engraftment, death before engraftment was considered a competing event. Similarly, for cumulative incidence of GVHD, death without GVHD was considered a competing event.
Statistical analysis
All end points were assessed through 3 years from time of HCT with 91% follow-up data available to that time point. TRM, relapse, engraftment, acute GVHD, and chronic GVHD were estimated as cumulative incidences, taking into account competing risks. Probabilities of survival and DFS were calculated using the Kaplan-Meier estimator with variance estimated by the Greenwood formula. Survival curves were compared using the log-rank test. Multivariate analyses were conducted to identify and adjust for independent predictors of TRM, relapse, DFS, and survival other than donor type. The proportional hazards model was built by forcing the main effect variable (MRD vs 8 of 8 MUD vs 7 of 8 MUD, using MRD as the reference group) into the model. Backward elimination with a criterion of P , .05 for retention was used to select a final model. The following variables were analyzed for their prognostic value on each of the outcomes: patient characteristics (age, sex, race, and performance status [Karnofsky Performance scores]), disease characteristics (white blood cell count and IPSS score at diagnosis, therapyrelated MDS, and disease status at transplantation), and transplant-related factors (interval between diagnosis and HCT, donor-recipient sex match, donor-recipient cytomegalovirus serostatus combinations, conditioning regimen intensity, stem cell source, GVHD prophylaxis regimen, and use of antithymocyte globulin). The proportional hazards assumption was assessed for each variable using a time-dependent covariate approach. Two-way interactions were checked between each selected variable and the main effect variable; no significant interactions were detected. Adjusted 3-year DFS and survival probabilities were estimated through the direct adjusted survival curves estimation method.
11 SAS software, version 9.1 (SAS Institute, Cary, NC) was used in all analyses.
Results
Patients
Baseline characteristics of the population are summarized in Table 1 . Median follow-up times for surviving patients were 50, 46, and 39 months for the MRD, 8 of 8 MUD, and 7 of 8 MUD donor groups, respectively. Median age (range) for the entire cohort was 53 years (22-78 years) and the distribution of age was similar among the 3 groups. The 7 of 8 MUD HCT recipients had a higher performance status at HCT compared with the other 2 groups. Most patients were white, but the MRD group had a higher proportion of non-white recipients. Two-thirds of the patients in each group had advanced disease at HCT. Most patients in all 3 groups had primary MDS. The distributions of IPSS categories and white blood cell count at diagnosis were similar among the 3 groups. Time between diagnosis and HCT was longest in the 7 of 8 MUD HCT recipients. As expected, donor age correlated with donor type. There was 3% of donors in the MRD group who were ,30 years old, whereas 39% and 26% of donors in the 8 of 8 and 7 of 8 MUD groups, respectively, were ,30 years old. There were more male donors in the 8 of 8 MUD HCT recipients, and both the 8 of 8 and 7 of 8 MUD HCT recipients were more likely than the MRD HCT recipients to be cytomegalovirus seronegative. There was 40% of patients in each of the 3 groups who received reduced intensity/nonmyeloablative conditioning regimens. MUD HCT recipients were more likely to receive marrow grafts, FK506-based GVHD prophylaxis, antithymocyte globulin therapy, and more recently undergo transplantation.
GVHD and engraftment
By day 100 post-HCT, the cumulative incidence of neutrophil recovery was >90% in all 3 groups (P 5 .09) ( Table 2 ). Similarly, by day 100 the cumulative incidence of platelet recovery was not significantly different among the 3 groups (77% to 86%; P 5 .24) ( Table 2) . By day 100, the cumulative incidence of grades B to D (P 5 .009) and grades C to D (P 5 .024) acute GVHD was significantly higher in recipients of unrelated donor transplantation than MRD transplantation (Table 2) . By 3 years posttransplantation, the cumulative incidence of chronic GVHD did not differ significantly among the 3 groups (41% to 51%; P 5 .25) ( Table 2) .
Transplant-related mortality
In univariate analysis, the cumulative incidence of TRM at 1 (P 5 .06) and 3 years (P 5 .08) were not significantly higher in both unrelated groups compared with the MRD HCT recipients ( (7) 3 (3) 30-39 16 (9) 64 (15) 8 (7) 40-49 45 (26) 97 (23) 36 (32) 50-59 79 (45) 160 (39) 46 (41) $60 30 (17) 65 (16) (5) 8 (2) 1 (1) Asian 8 (5) 3 (1) 2 (2) Others-American Indian-Native Hawaiian
Bone marrow blast percent at transplant ‡ .41
.5% 57 (43) 128 (36) 40 (39) FAB at diagnosis § .31
Refractory anemia 47 (28) 108 (26) 25 (22) Refractory anemia with ringed sideroblasts 10 (6) 21 (5) 8 (7) Refractory Anemia with Excess Blasts 72 (43) 154 (37) 43 (39) Refractory anemia with excess blasts in transformation 4 (2) 15 (4) 5 (4) Chronic myelomonocytic leukemia 15 (9) 42 (10) 15 (13) MDS/MPD not otherwise specified 18 (11) 73 (17) 15 ( Figure 1 ). Other adverse prognostic factors that were significant in the final TRM model included female donor/male recipient and lower KPS at transplant. The 3-year probabilities of TRM, adjusted for other significant variables in the multivariate models were 29% (95% CI 22-35), 41% (95% CI 36-46), and 42% (95% CI 33-51) after MRD, 8 of 8 MUD, and 7 of 8 MUD transplantation, respectively (Table 4) .
Relapse
In univariate analysis, the 1-year (P 5 .78) and 3-year (P 5 .41) cumulative incidences of relapse were similar among the 3 groups (Table 2 ). There was no difference in the risk of relapse between the groups in the multivariate analysis (overall P value 5 .49) ( Table 3 ; Figure 2 ). Other predictive factors that were significant in the final (47) 50 (45) M-F 43 (25) 110 (27) 13 (12) F-M 50 (29) 49 (12) 30 (27) F-F 27 (15) 58 (14) 19 (17) Missing 1 0 0
Cytomegalovirus match ,.001
Pos-pos 72 (41) 65 (16) 20 (18) Pos-neg 16 (9) 31 (8) 15 (13) Neg-pos 44 (25) 151 (37) 36 (32) Neg-neg 34 (19) 131 (32) 34 (30) Not tested/inconclusive 10 (6) 35 (8) 
model included higher IPSS score at diagnosis, advanced disease status at transplant, and lower conditioning regimen intensity.
The 3-year probabilities of relapse, adjusted for other significant variables in the multivariate models, were 31% (95% CI 24-38), 25% (95% CI 21-29), and 27% (95% CI 20-35) after MRD, 8 of 8 MUD, and 7 of 8 MUD transplantation, respectively (Table 4) .
DFS
In univariate analysis, the 1-year (P 5 .24) and 3-year (P 5 .21) probabilities of DFS were not significantly different among the 3 groups (Table 2) (Table 4) .
Survival
In univariate analysis, compared with the MRD group, the 3-year probability of survival was similar in the 8 of 8 MUD HCT recipients (P 5 .27), but lower in the 7 of 8 MUD group (P 5 .01). The 3-year survival was lower in the 7 of 8 MUD group compared with the 8 Figure 4 ). Other adverse covariates that were significant in the final survival model included older age, lower KPS, and higher IPSS score at diagnosis. The 3-year probabilities of survival, adjusted for other significant variables in the multivariate models, were 47% (95% CI 40-55), 38% (95% CI 34-43), and 31% (95% CI 22-39) after MRD, 8 of 8 MUD, and 7 of 8 MUD transplantation, respectively (Table 4) .
Primary MDS
A subgroup analysis of outcomes restricted to patients with primary MDS (n 5 540) was conducted. In multivariate analysis, relapse risk was similar among the 3 groups (overall P 5 .33), but TRM risk was higher in both unrelated donor groups compared with the MRD group (RR 1. The 3-year adjusted probabilities for relapse, TRM, DFS, and survival are summarized in supplemental Table 1 (available on the Blood Web site).
Causes of death
Supplemental Table 2 summarizes the causes of death by donor type as reported by the transplant centers. The most common cause of death in all groups was relapse of primary disease (35%, 28%, and 28% in MRD, 8 of 8 MUD, and 7 of 8 MUD groups, respectively). Graft rejection and organ toxicity are reported as causes of death in both MUD groups, but were rare in the MRD group (supplemental Table 2 ).
Discussion
For patients with MDS, despite the improvement in survival with the introduction of hypomethylating agents, 12, 13 allo-HCT remains the only potentially curative therapy. Significant advances involving all aspects of transplantation have been achieved over the past 2 decades.
14-17 As a result of this progress, the numbers of allo-HCTs performed on an annual basis in the United States have steadily increased, and robust improvement in post-HCT outcomes have been observed in patients of all ages and across different malignancies. 18, 19 For patients with MDS, outcomes have improved after both MRD HCT, 19 as well as after MUD. 20 Although these data are reassuring, there are no prospective clinical trials comparing HCT to non-HCT therapies, and there are many unanswered questions that remain regarding the exact role of HCT for patients with MDS. 21 Previous studies comparing MRD and MUD transplantation have yielded conflicting results, with some reporting inferior survival or DFS with MUD HCTs, 22, 23 and others reporting similar survival. 24, 25 A prior CIBMTR analysis in 2 223 adults with AML demonstrated similar survival among MRD HCT, 8 of 8 MUD HCT, and 7 of 8 MUD HCT recipients. 6 The risk of relapse was lower after 7 of 8 MUD and similar after 8 of 8 MUD HCT, compared with MRD HCT. We also observed higher TRM risk after 7 of 8 MUD, but not after 8 of 8 MUD compared with MRD. 6 In this study among patients with MDS, we observed an increased risk of TRM with both MUD groups, but no reduction in relapse risk.
In a recent study, Walter et al 26 compared the frequency of recurrently mutated genes in de novo MDS and AML. Mutations involving TP53, U2AF1, SF3B1, NF1, EZH2, and BCOR were detected at a significantly higher rate among MDS cases compared with AML. Conversely, mutations involving FLT3, NPM1, IDH1, and IDH2 were detected at higher rates among AML cases. 26 These findings strongly suggest that important differences in pathophysiology exist between MDS and AML, and that these differences may also influence outcomes after HCT. Additionally, MDS patients are often not in complete remission at the time of HCT. This additional disease burden may reduce the efficacy of graft vs MDS effects. In our previous AML analysis, 70%, 68%, and 64% of MRD, 8 of 8 MUD, and 7 of 8 MUD HCT recipients were in complete remission 6 In the current analysis, two-thirds of the entire cohort had advanced disease by FAB and bone marrow blasts percent at transplant. Scott et al 27 examined whether the use of induction chemotherapy (IC) prior to conditioning improves post HCT outcomes among a cohort of 125 patients, all of whom had advanced MDS by FAB. Only 33 patients received IC. The use of IC was not associated with any improvement in outcomes. However, a fairly small sample size that prohibited a full multivariate analysis, was an important limitation. In addition, all of these patients were transplanted in the era before hypomethylating agents were widely available. 27 Therefore, we believe the differences in molecular pathology and disease burden at the time of transplant between patients with MDS and AML largely explain the discrepancy in outcomes between patients transplanted with well-matched compared with partially matched donors. To be able to dissect the impact of patient-related and disease-related factors from transplant-related factors on outcomes, the selection criteria used in the current analysis is identical to the criteria that were used to select the AML cohort. 6 Furthermore, MDS patients are generally older and may have higher burden of comorbidities. Data on the Hematopoietic Cell Transplant-Comorbidity Index was not collected on patients enrolled in the current analysis. 28 A higher Hematopoietic Cell Transplant-Comorbidity Index potentially could be responsible for higher TRM, not only after 7 of 8 MUD, but also after 8 of 8 MUD compared with MRD HCT.
In multivariate analysis of the entire cohort, survival, and DFS rates were similar after 8 of 8 MUD HCT compared with MRD HCT, but were significantly lower after 7 of 8 MUD HCT. Excess TRM with no disease control advantage accounted for worse outcomes with 7 of 8 MUD HCT. Time from diagnosis to HCT was longest in the 7 of 8 MUD group, and although this variable was adjusted for in the multivariate analysis, the decision to pursue transplantation with these less than optimal donors was likely undertaken later in the disease course, and this can possibly explain the inferior outcomes among the 7 of 8 MUD HCT recipients. In a subgroup analysis of outcomes of patients with primary MDS, DFS rates were similar after 8 of 8 MUD HCT compared with MRD HCT, and lower after 7 of 8 MUD HCT. However, in this subgroup analysis, survival was also significantly lower not only after 7 of 8 MUD HCT, but also after 8 of 8 MUD HCT compared with MRD HCT. The pattern of failure was again driven by excess in TRM after unrelated donor HCT.
Higher rates of acute GVHD grades B to D and C to D were seen in the MUD groups compared with the MRD group. This increase rate of acute GVHD likely contributed to the observed higher TRM in the MUD groups compared with the MRD group.
In multivariate analysis the risk of relapse was similar among the 3 groups. However, there was no difference seen in chronic GVHD at 3 years, and because with previous work it was suggested that the development of chronic (but not acute) GVHD is associated with lower relapse rate, 29 this may, in part, explain the lack of protection against the relapse that would be expected with MUD HCT compared with MRD HCT.
To identify the optimal role of HCT for Medicare beneficiaries with MDS, an ongoing CIBMTR study will compare the 100-day survival of 240 MDS patients age >65 years that underwent HCT to a similar cohort age 55 to 64 years, to determine if HCT is associated with excessive early mortality in older patients. Interim analyses have not exceeded the stopping rule threshold. 30 This study continues to accrue patients and will also examine prognostic factors in older patients. However, given the advances in non-HCT therapies, a prospective comparative trial is needed to determine whether HCT is associated with survival advantage in older MDS patients. To address this question, a phase 2 biologic randomization trial of 230 patients aged 55 to 70 years is currently ongoing in Europe. 31 Furthermore, a US biologic randomization trial of donor vs no donor therapies in .400 patients with IPSS intermediate-2 or highrisk disease, aged 50 to 75 years, is expected to begin enrollment in 2013. Both the European and the US trials are poised to address not only survival questions, but also quality of life and costs of care associated with the 2 treatment strategies.
To our knowledge, this is the first disease-specific analysis that compares these 3 donor sources in a large cohort of recently treated MDS patients. Many comparative analyses of different donor sources include patients with different hematologic malignancies together in multivariate analyses. 29, 32, 33 These analyses were adjusted for disease type, and although this approach has the advantage of increasing the sample size, differential effects of donor source on specific malignancies may require an even larger sample and an interaction test could be limited by a type II error. This is especially true if the model is already adjusting for many other covariates.
In an analysis of 719 MDS patients (median age 58 years), the impact of donor age on post-HCT outcomes was analyzed. In this study, the median donor ages of related donors and unrelated donors were 56 years (range 35-78 years) and 34 years (range 19-64 years), respectively. In multivariate analysis, HCT from the younger unrelated donors (,30 years of age) was associated with superior survival compared with HCT from the older related donors (RR 0.65 [95% CI 0.45-0.95]). 34 However, in a recent analysis of 2172 patients with leukemia and lymphoma, Alousi et al 35 compared outcomes after an HCT from younger unrelated donor (donor age Figure 2 . Adjusted probability of relapse in adult MDS patients by donor source. In multivariate analysis there was no difference in the risk of relapse among the three groups. ,50 years; n 5 757) to HCT from an older MRD (donor age 5 50 years; n 5 1 415). In multivariate analysis, HCT from an older MRD was associated with superior outcomes compared with HCT from a younger unrelated donor. A strong correlation between donor age and donor source in our dataset limited our ability to examine the independent association between donor age and post-HCT outcomes.
Our analysis has limitations that are expected in a registry-based study. Data on important prognostic factors, such as iron overload 36, 37 and comorbidities [38] [39] [40] [41] were not available for these patients. Additionally, detailed data on pre-HCT therapies and disease response to different lines of treatments were not available. Due to missing data on some its components, we were unable to compute IPSS scores "at HCT" to risk stratify patients. Importantly, none of the widely used risk stratification systems are "transplant-specific," because all of these prognostic systems included only a minority of patients that underwent HCT, and these few patients were censored at the time of HCT. 2, 3, [42] [43] [44] In addition, only 2 of these systems are time-dependent. 43, 44 Furthermore, in a previous paper by Sierra et al, 45 analyzing post-MRD HCT outcomes among MDS patients, multivariate analysis adjusting for IPSS scores at diagnosis and at transplant, FAB subtypes and blasts percent, it was found that only blasts percent at transplant was associated with DFS and overall survival. After adjusting for IPSS scores "at diagnosis" in all of our analyses, we used the reported pretransplant bone marrow blasts percent and the FAB classification to assign patients into early vs advanced disease status, data readily available in the registry.
Future comparative studies of donor source should incorporate emerging prognostic factors, examine the prognostic value of recently identified novel mutations, 26, 46, 47 further evaluate the role of pre-transplantation cytoreductive strategies, 27, 48 and continue to investigate strategies to prevent relapse post HCT. 49, 50 In conclusion, our study confirms that for patients with MDS, although significant progress has been achieved in unrelated donor HCT, donor source remains a critical determinant of outcomes. An HLA-matched sibling remains the best donor source followed by 8 of 8 MUD HCT. Transplantation from a 7 of 8 MUD is associated with inferior outcomes. These results should inform clinicians, patients, and the design of prospective clinical trials. For personal use only. on April 21, 2017. by guest www.bloodjournal.org From
